The collisional deactivation of vibrationally excited pyrazine ͑C 4 N 2 H 4 ͒ in the electronic ground state by 19 collider gases was studied using the time-resolved infrared fluorescence ͑IRF͒ technique. The pyrazine was photoexcited with a 308 nm laser and its vibrational deactivation was monitored following rapid radiationless transitions to produce vibrationally excited molecules in the electronic ground state. The IRF data were analyzed by a simple approximate inversion method, as well as with full collisional master equation simulations. The average energies transferred in deactivating collisions (͗⌬E͘ d ) exhibit a near-linear dependence on vibrational energy at lower energies and less dependence at higher energies. The deactivation of ground state pyrazine was found to be similar to that of ground state benzene ͓J. R. Barker and B. M. Toselli, Int. Rev. Phys. Chem. 12, 305 ͑1990͔͒, but it is strikingly different from the deactivation of triplet state pyrazine ͓T. J. Bevilacqua and R. B. Weisman, J. Chem. Phys. 98, 6316 ͑1993͔͒.
I. INTRODUCTION
Pyrazine has been used extensively in studies of collision-free energy redistribution 1 and its photophysics are very well known. [2] [3] [4] [5] Several groups have studied its collisional deactivation subsequent to photoexcitation. McDonald and Rice investigated collisional energy transfer among low energy vibrational states in the first excited singlet state. 6 Mullin, Flynn, and co-workers used time-resolved tunable diode laser spectroscopy to investigate energy transfer from vibrationally excited ground state pyrazine ͑vibrational energy Eϭ40 640 cm
Ϫ1
͒ to the asymmetric stretch of CO 2 after a single collision. [7] [8] [9] They observed energy transfer to the vibrational, rotational, and translational degrees of freedom of the CO 2 , but only the first collision was probed, and they reported no information regarding the succeeding collisions and the population distribution of the excited molecules.
Bevilacqua and Weisman 3 studied the energy loss from vibrationally excited triplet state pyrazine by measuring the rate of intersystem crossing ͑ISC͒ from triplet to singlet, which is a function of the triplet state vibrational energy. [2] [3] [4] Their results indicated that ͗͗⌬E͘͘, the average energy transferred per collision rises from an apparent threshold which lies between 2000 and 3000 cm Ϫ1 and is strongly energy dependent between 3000 and 5000 cm
. This steep energy dependence and sudden threshold are in sharp contrast to the linear or less than linear energy dependence observed for other molecules in the electronic ground state. [10] [11] [12] The present work was motivated by a desire to determine the energy transfer properties of pyrazine in the ground electronic state and to compare them with the results of Flynn and co-workers and Bevilacqua and Weisman. Experiments on the temperature dependence of pyrazine energy transfer parameters will be described elsewhere. 13 The present study of pyrazine is one of a class of large molecule energy transfer studies performed using physical techniques, as distinguished from unimolecular reaction studies. 14 Physical energy transfer techniques which rely on radiationless transitions include ultraviolet absorption, 15 multiple photon ionization, 16 diode laser absorption spectroscopy, 17 and infrared fluorescence ͑IRF͒. Methods which use CO 2 laser pumping in the electronic ground state include time resolved optoacoustic and mercury tracer techniques. 10 A number of benzene and toluene isotopomers have been investigated using single-color IRF and several have been investigated using multicolor IRF, which provides more detailed information about the population distribution of excited molecules. [18] [19] [20] [21] [22] [23] [24] [25] Pyrazine is a diazo-substituted benzene with 10 atoms and 24 vibrational modes: A size slightly smaller than the 12 atoms and 30 vibrational modes found in benzene, with which it can be compared. In the present study, pyrazine is excited to the first singlet state via a 308 nm laser pulse. Rapid intersystem crossing ͑ISC͒ occurs to the first triplet state. 1 On a slightly slower time scale ͑Ϸ0.2 s 2 ͒, the molecule crosses by ISC to the ground state singlet manifold to produce ground electronic state pyrazine with ϳ32 500 cm Ϫ1 of vibrational energy. As the vibrationally excited molecules are collisionally deactivated, IRF from the C-H stretch is monitored. The intensity of IRF depends on the average vibrational energy of the excited population through a well tested theoretical expression, 18, 26, 27 which is used to deduce energy loss as a function of vibrational energy. Master equation simulations are used to simulate the experiments and to deduce ͗⌬E͘ d , the average energy transferred in each deactivating collision. 
II. EXPERIMENT
The IRF technique has been described in detail elsewhere. 18, 19 Gas phase pyrazine in a 2.5 cm diameter by 30 cm long glass cell with fused silica end windows was irradiated by a XeCl excimer laser ͑308 nm͒ operating at a pulse repetition frequency of 25 Hz. Direct absorption measurements in our laser apparatus gave an absorption cross section of ϳ1.33Ϯ0.03ϫ10
Ϫ18 cm 2 ͑base e͒ at the laser wavelength ͑308 nm͒. This value is consistent with the cross section of ϳ1.4ϫ10 Ϫ18 cm 2 found from the highly detailed absorbance spectrum in Ref. 23 . Typical laser fluences were ϳ12 mJ cm Ϫ2 and thus only about 0.5% of the irradiated pyrazine was excited in each laser shot. Infrared emission from the C-H stretch near 3030 cm Ϫ1 was monitored through sapphire side windows with an InSb photovoltaic detector ͑Infrared Associates͒ equipped with a matched preamplifier. The signal was further amplified with a Tektronix AM-502 preamplifier and recorded on a LeCroy 9400 digital oscilloscope. The time response of the detection system was ϳ3 s. Approximately 8000 laser shots were averaged for each run, and the data were transferred from the digital oscilloscope to a Macintosh computer for storage and analysis.
The IRF technique for measuring energy transfer breaks down at very high and very low pressures. In the limit of low pressure, the excited molecules relax primarily through IRF emission, instead of collisions. 20, 28, 29 At very high pressures, the assumption of bimolecular collisions breaks down. Experimental limitations further restrain the range of applicable pressures. The IRF signal is attenuated at low pressure by diffusion from the field of view of the detector and at high pressure by reabsorption of the IRF by surrounding molecules. The pressure range used in the present experiments avoids these potential difficulties.
In the present work, the experiments were performed using flowing conditions in order to minimize any potential accumulation of photodissociation products. A capacitance manometer ͑MKS Baratron, 0-10 Torr͒ was used to measure the pressure in the cell. For pyrazine-only studies, the pressure ranged from 20 to 90 mTorr. Below 20 mTorr, diffusion from the field of view of the detector was observed to affect the IRF decay data. For the experiments which used added collider gases, the pressure of pyrazine was held constant at around 8 mTorr and the collider gas pressure was varied from ϳ50 mTorr up to as high as 300 mTorr. In a few experiments with CO 2 collider, spontaneous IRF from the CO 2 asymmetric stretch mode was observed with a 4 m long-pass filter, but quantitative experiments were not performed.
At the relatively low pressures of pyrazine used in the collider gas experiments, IRF emission at ϳ6000 cm Ϫ1 from the C-H stretch overtone was too weak to be quantified. Only the fundamental band intensity decays were used in the analysis that follows. In the temperature dependent pyrazine IRF studies to be described elsewhere, 13 both bands are analyzed in order to gain more information about the population distribution of the excited species. 20, 29 Pyrazine is known to photodissociate at short wavelengths, but the quantum yield is negligible at 308 nm. Chesko et al. 5 estimate the quantum yield for HCN production to be Ϸ0.003 under collision-free conditions. The issue has been raised that the pyrazine photodissociation at 248 nm may produce a significant yield of HCN ͑Ϸ0.40͒ which can recoil and perhaps produce the excited CO 2 states detected by Flynn and co-workers. 5 Flynn and co-workers 30 responded to this suggestion by pointing out that the extent of dissociation is small at the 1 s time delay used in their experiments and the collisional deactivation slows the decomposition rate even more. They carried out experiments which support this assertion and concluded that their energy transfer results are not affected significantly. 30 At 308 nm, the collision free photodissociation yields are 100 times smaller and no pressure increases or window deposits were observed in the present experiments. Even if photodissociation products were present, they would have very little residual vibrational energy and would not contribute significantly to the IRF.
Pyrazine ͑Sigma 99%͒ was degassed in several freezepump-thaw cycles ͑77 K͒ before use. The collider gases were obtained from Cryogenic Rare Gas ͑neon 99.999%, krypton 99.999%, xenon 99.999%͒, Liquid Carbonic ͑helium 99.999%, argon 99.999%, nitrogen 99.999%, oxygen 99.995%, nitric oxide 99%͒, Matheson ͑deuterium͒, Air Products ͑hydrogen 99.9995%͒, BOC ͑carbon dioxide 99.999%͒, and C.P. grade from various sources: carbon monoxide, ammonia, methane, propane, butane, sulfur hexafluoride͒. Nitric oxide, butane, and propane were further purified by bulb-to-bulb distillation.
III. RESULTS

A. Treatment of experimental data
An example of an infrared fluorescence decay curve is presented in Fig. 1 . The data from the first ϳ3 s were strongly affected by the detector rise time, so the IRF inten- sity ͑which includes a time-independent contribution from the cell walls͒ was extrapolated to tϭ0 using the expression IϭA exp͑ϪkЈtϪbЈt 2 ͒ϩG, ͑1͒
where kЈ and bЈ are empirical parameters fitted by nonlinear least squares. The data are normalized by setting Aϭ1 and Gϭ0. For convenience, the IRF decay curves were converted from a time scale to a collision scale according to the expression
where Z is the number of collisions, k LJ c and k LJ p are the Lennard-Jones bimolecular collision rate constants 3,31 for parent-collider and parent-parent interactions, respectively, and N c and N p are the number densities of collider and parent molecules, respectively. After converting to the collision scale, the IRF intensity can still be described by a function similar to Eq. ͑1͒ with t replaced by Z and with new parameters k and b expressed in units of Z Ϫ1 and Z
Ϫ2
, respectively. Each mixture of pyrazine and collider is characterized by a collision fraction which gives the average fraction of collisions experienced by a pyrazine molecule with the added collider gas
To extrapolate the data to the limit of pure collider gas, the fitted parameters k(F c ) and b(F c ) from Eq. ͑1͒ for a particular experiment characterized by F c are plotted as a function of F c and least squares fitted with a quadratic equation. Figure 2 shows a typical F c plot. Extrapolation to F c ϭ1 gives values of k(F c ϭ1) and b(F c ϭ1) corresponding to deactivation of pyrazine exclusively by the collider gas. The parameters k(F c ϭ1) and b(F c ϭ1) can be used with Eq. ͑1͒ to generate synthetic data sets corresponding to the F c ϭ1 limiting case.
B. Approximate data inversion
The theoretical expression relating the IRF intensity to bulk average energy has been described elsewhere. 18, 26 In several experimental tests, the theoretical relationship has been shown to be accurate. 18, 21, 22, 26, 27 For pyrazine, the theoretical relationship was calculated using a vibrational assignment 32 and assuming that one rotational degree of freedom is active, 33 as summarized in Table I . For singlet state pyrazine, an empirical least squares fit of the vibrational energy E and the theoretically calculated C-H stretch band intensity I near 3030 cm Ϫ1 is where I has been normalized to unity at 32 500 cm
Ϫ1
. This relationship is valid for the energy range from ϳ5000 to ϳ35 000 cm Ϫ1 . As described elsewhere, 18, 20, 22, 24 the bulk average energy ͗͗E(t)͘͘ ͑averaged over the population distribution, which evolves with time͒ can be extracted approximately by using the time dependent observed intensity. To do this, the experimental intensity is identified with I ͑the calculated intensity͒ and the bulk average energy ͗͗E͘͘ is identified with E in Eq.
͑4͒. To emphasize that this approximate technique has been used to invert the data, the subscript ''inv'' is appended:
͗͗E͘͘ inv . The derivative of ͗͗E͘͘ inv with respect to Z gives ͗͗⌬E͘͘ inv , the bulk average vibrational energy transferred by pyrazine per collision. The parameters k(F 0 ϭ1) and b(F 0 ϭ1) were used with Eq. ͑1͒ to generate a synthetic data set and Eq. ͑4͒ was used to determine ͗͗E(Z)͘͘ inv as a function of collisions. This curve was least squares fitted with a quadratic exponential function similar to Eq. ͑1͒ and the resulting parameters were used to compute the derivative with respect to Z. are shown in Fig. 3 , and values of ͗͗⌬E(E)͘͘ inv at ͗͗E͘͘ inv ϭ24 000 cm Ϫ1 are presented in Table II . Upward, as well as downward energy transfer steps contribute to ͗͗⌬E(E)͘͘ inv . In order to extract ͗⌬E(E)͘ d the average step size for down steps, further analysis is necessary. The following expressions are based on the conventional exponential model and they can be used to least squares fit the data for ͗͗⌬E͘͘ inv vs ͗͗E͘͘ inv and obtain an estimate for ͗⌬E(E)͘ d :
where k B is the Boltzmann constant, s is the number of vibrational modes, r is the number of rotors, E z is the zero point energy, and a(E) is a parameter in the WhittenRabinovitch approximation. [34] [35] [36] The Whitten-Rabinovitch parameters for pyrazine are summarized in Table III . The data are accurately fitted if ͗⌬E(E)͘ d is assumed to have a quadratic energy dependence ͑higher order terms were not necessary in the fitting͒
The polynomial coefficients for each collider are listed in Table II . Propagation of the errors gives estimated uncertainties on the order of 2% to 5%. These errors describe only the goodness of fit of the theoretical expression, and do not account for any systematic errors inherent in the expression itself. The coefficients not only provide an estimate for ͗⌬E(E)͘ d , but they can also be used with Eq. ͑5͒ to reproduce the data for ͗͗⌬E͘͘ inv vs ͗͗E͘͘ inv . 
C. Master equation simulations
The energy transfer data can be analyzed without the need for approximate inversions. This is accomplished by using an empirical step-size distribution function and numerical solution of the collisional master equation to obtain calculated IRF intensities for comparison with the experimental data. This approach has not been ''automated'' and the simulations require some judgment. The stochastic master equation formulation used in the present work has been described in detail elsewhere. 37, 38 Basically, it employs an empirical step size model and Monte Carlo techniques to select the initial conditions and the progress of each stochastic trial, based on microscopic reversibility and detailed balance. In this work, the exponential model was used for the collision step-size distribution, which describes the probability of a transition from energy E to energy EЈ. The functional form for the exponential model for down steps is given by
where ␣(E) is an energy-dependent parameter which is almost identical to ͗⌬E(E)͘ d and M (E) is the normalization constant, which depends on energy. The master equation simulation computer code uses the theoretical expression for the energy-dependent microcanonical IRF emission intensity to calculate the bulk average IRF intensity, which is compared directly with the experimental results. By adjusting the parameters in the collisional energy transfer model, it is possible to achieve nearly exact agreement between simulation and experiment.
In practice, the master equation simulations were carried out using the fitted expression for ͗⌬E(E)͘ d ͓Eq. ͑6͔͒ as an initial estimate for ␣(E), which was assumed to have the functional form
For comparisons between the simulations and the experiments, the calculated IRF curves were inverted to energy profiles and ͗͗⌬E͘͘ inv vs ͗͗E͘͘ inv data sets were generated in exactly the same way described above for the experimental data. The master equation simulations which used the initial estimates for ␣(E) agreed with the experimental data to within 10% to 25%, as shown in Fig. 4 . In order to optimize the simulations, the parameters C 0 , C 1 , and C 2 were ad- Table  I. justed to give better agreement with the experimental data. Table II lists the optimized parameters for each collider. These ''optimized'' parameters when used with the master equation provide an accurate description of the experimental data. Because the optimized parameters are determined on the basis of judgment, it is difficult to propagate statistical errors, but we estimate the optimized simulations to be accurate to better than Ϯ5% over the energy range from ϳ5 000 to ϳ33 000 cm
Ϫ1
.
IV. DISCUSSION
A. Comparison with benzene
The collisional vibrational energy loss of pyrazine is similar to that of benzene. 18 The energy dependence of ␣(E) is quite important in unimolecular reactions. 38, 39 As in benzene and the other benzene and toluene isotopomers, the energy dependence of ␣(E) for pyrazine is approximately linear. In Fig. 5 , ͗͗⌬E(E)͘͘ inv values for pyrazine and benzene evaluated at ͗͗E͘͘ inv ϭ24 000 cm Ϫ1 are presented for the various collision partners. For both excited species, the energy transferred per collision tends to increase with the increasing complexity of the collider. For monatomic and diatomic colliders, the ͗͗⌬E(E)͘͘ inv values for pyrazine are slightly greater than those for benzene, but for the polyatomic colliders ͑except for ammonia͒ the values tend to be somewhat smaller. The similarity between pyrazine and benzene is likely due to the comparable molecular structure, density of states, and vibrational frequencies. This is the first time that nitric oxide has been used as a collider in IRF studies and the energy transfer results are quite similar to CO, N 2 , and O 2 collider gases. There were no indications of chemical reaction or other complications in the experiments using nitric oxide.
Although classical trajectory calculations on large molecule energy transfer suffer from several problems, [40] [41] [42] recent calculations provide some insight into the qualitative features of energy transfer, and these same features are probably operative in the deactivation of pyrazine. First, in V -T/R energy transfer, direct impulsive collisions and ''chattering'' collisions are far more important than complex formation in which statistical energy transfer occurs. 41, [43] [44] [45] Second, V -V energy transfer appears to dominate in benzene self-deactivation collisions. 46 The present results for pyrazine are consistent with the trajectory calculations, but they cannot distinguish among the mechanisms of energy transfer.
B. Comparison with pyrazine (T 1 )
Bevilacqua and Weisman 3 determined the bulk average energy transfer step size ͗͗⌬E(E)͘͘ for triplet state pyrazine deactivation by several colliders. Their results extend from near the triplet origin up to about 5000 cm Ϫ1 above the origin. The present data for the electronic ground state extend down only to about 5000 cm
Ϫ1
, because at lower vibrational energies the IRF intensities become too low for reliable measurements. Data for both triplet and singlet pyrazine deactivation by several colliders are summarized in Table 4 for a vibrational energy of ͗͗E͘͘ϭ5000 cm At low pressures, most of the excited T 1 molecules decay via ISC prior to collisional deactivation within the T 1 state, but at high pressures, most T 1 molecules experience collisional deactivation prior to undergoing ISC. We found that the strong energy dependence and threshold of ͗͗⌬E(E)͘͘ observed experimentally can be simulated with a conventional exponential model characterized by a special energy-dependent parameter ␣ t (E). In the ground electronic state, the corresponding parameter ␣(E) is approximately linearly dependent on energy and is accurately described by a quadratic energy dependence from 5000 to 35 000 cm
. This quadratic energy dependence is totally inadequate for describing the triplet state, however. Instead, the following ͑nonunique͒ empirical function was found to produce results in good agreement with the Bevilacqua and Weisman experiments:
The exponential function was chosen because it accurately models the steep energy dependence, but other empirical functions may work just as well. Optimum values for the empirical parameters in Eq. ͑9͒ were found by trial and error ͑see Table V͒ and they are similar to the results deduced by Bevilacqua and Weisman. 3 ''Optimized'' ␣ t (E) and ␣(E) functions for the deactivation of triplet and of singlet state pyrazine, respectively, by unexcited pyrazine are presented in Fig. 6 . For singlet state pyrazine, the IRF technique is not reliable below about 5000 cm Ϫ1 and it is not known whether ␣(E) exhibits threshold behavior at lower energies. The magnitudes of the energy transfer parameters depend strikingly on the character of the electronic state, although the vibrational densities of states are similar. Bevilacqua and Weisman have offered some ideas regarding this difference, but it is fair to say that the reasons for the difference are not yet understood.
The triplet state modeling enables us to address a possible complication in the IRF experiments. At collision frequencies greater than ϳ10 6 s
, collisions occur before completion of the radiationless transitions to the electronic ground state. If significant vibrational deactivation occurs in the triplet state, IRF from the ''trapped'' species is either lost or delayed by the slower ISC rate. Collisional deactivation is faster in the triplet state than in the singlet state, but the rapidly cascading triplet population will be delayed by the slow ISC rate near the triplet state origin. In the monatomic collider experiments, in which pressures up to 300 mTorr were used, the collision rate becomes comparable to the ISC rate. Master equation simulations show that in the helium system at the highest collision frequencies employed in any of the present experiments, ϳ75% of the excited population undergoes ISC before one Lennard-Jones collision occurs. The remaining triplet state molecules complete the radiationless transition within 1 s ͑compared to the 3 s rise time of the detector͒ so IRF in the singlet state should be visible for all excited molecules. The effect of the ϳ25% of the triplet population which do experience a collision before ISC would be to alter the distribution of excited species being deactivated in the electronic ground state. However, the monatomic colliders only weakly deactivate triplet state pyrazine, 3 so we expect the distortion of the population distribution to be small. The experimental data at high collision frequencies are indistinguishable from those obtained at much lower pressures, and we conclude that the effect of triplet state collisional deactivation is negligible. 
C. Comparison with pyrazine؉CO 2 product probe studies
Mullin, Flynn, and co-workers 7-9 probed the CO 2 collider bath following one collision with vibrationally excited pyrazine, and found the amount of energy transferred to rotations and translations in CO 2 ͑00°0͒ and in CO 2 ͑00°1͒. They found that the deactivation of pyrazine appears to be dominated by V -T/R energy transfer. By using an approximate model, 9 they estimated that у400 cm Ϫ1 is transferred per collision to the Jϭ58-82 rotational states of the CO 2 collider from pyrazine excited to ϳ40 640 cm
Ϫ1
. This estimate can be compared with the present IRF experimental results extrapolated to the higher energy:
and ͗⌬E͑40 640͒͘ all ϭϪ275Ϯ30 cm
. The agreement is not satisfactory, when one considers the fact that the Mullin, Flynn, and co-workers estimate refers only to production of a limited subset of CO 2 rotational levels; if the other rotational levels were included, their estimate would likely be much higher.
In a key part of their analysis, Mullin et al. 9 took their measured rate constants k I for the production of CO 2 ͑00°0,J͒ in each of seven rotational states between Jϭ58 and Jϭ82, and used them with an ad hoc heuristic model. In the model, they assumed that the cross sections follow an energy-gap law for both the translational energy changes and the angular momentum changes. Because the internal states of pyrazine were not observable in their experiments, they did not consider them explicitly. The pyrazine vibrational state densities are necessary to maintain microscopic reversibility and their omission may explain the difference between the Mullin et al. estimates and the energy transfer parameters determined in the present work. A detailed comparison of the two experiments is not straightforward, but it should be undertaken in future work.
V. CONCLUSIONS
Vibrational energy transfer from highly excited pyrazine to various colliders was studied using the IRF technique. The average energy transferred per collision is approximately proportional to energy between 5000 and 25 000 cm
Ϫ1
, and it often tends to level off at higher energies. The magnitude of the energy transferred per collision depends on the complexity of the collider, as expected from phenomenological trends observed for other gas phase aromatic molecules. 15, 18, 19, 12, 20, 21, 22, 24, 27, 47 Collisional energy transfer in the pyrazine singlet state ͑this work͒ and triplet state 3 have distinctly different magnitudes and energy dependencies. Master equation simulations were performed for both singlet and triplet state data. Energy transfer from both electronic states is energy dependent, but triplet energy transfer is much more efficient and exhibits a sharp threshold between 2000 and 3000 cm
. In experiments carried out using CO 2 collider, values for ͗͗⌬E͘͘ and ͗⌬E͘ d were obtained, but the results cannot be compared with those obtained by tunable diode laser monitoring of CO 2 internal states, because of the way the tunable diode laser data were analyzed. Future work should address analysis methods which will enable comparisons between the different experiments.
